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Chapter 1. Organic magnetoresistance
Introduction
Since the first observation in 2003, [1] organic magnetoresistance (OMAR) has been attracting much more attention due to their potential application to cheap plastic organic magnetic sensor [2] as well as their interesting phenomena from a physical point of view. [3] OMAR refers to the resistance (or current) changes in organic device under magnetic field of a few millitesla without ferromagnetic electrode. Magnetoresistance (MR) is evaluated as MR =
∆R(B)/R(0)=[{R(B)-R(0)}/R(0)]
where R(B) and R(0) are resistance with and without magnetic field (B), respectively. It is believed that the origin of OMAR is highly related to the hyperfine field of hydrogen atoms which affects various spin interactions between the spin carrying quasiparticles. [4] However, the specific mechanism between those particles is still debated. There are three representative models to explain this phenomenon: bipolaron, [5] electron-hole pairs (e-h pairs) [6] and triplet exciton-polaron interaction (TPI) models (Figure
1.1)
. [7] The bipolaron model is based on the interaction between same kinds of charge carriers (single carrier model) while the others are based on interactions between the opposite sign charge carriers (double carrier model). Recent studies revealed that more than two mechanisms could be involved in a single device depending on the sample preparation and measuring condition. [8, 9] For a deeper understanding of OMAR and developing new organic devices, controlling dominant underlying mechanism by simple method should be explored in advance. In order to modulate mechanism, several experimental strategies based on two-terminal devices have been commonly investigated. In most cases, tuning the mechanism could be achieved by controlling fabrication condition such as charge blocking layer thickness, material blending ratio and surface treatment, which can restrict flexibility in developing applications [8, 10, 11] . On the other hand, organic field effect transistors (OFETs) provide distinct advantage due to their capability of manipulating sign and density of charge carriers. Particularly, in ambipolar OFETs, it is possible to change from unipolar to bipolar regime by adjusting gate voltage (V G ) and drain-source voltage (V DS ), which is suitable for investigating both single and double carrier model of MR in a single device. [12] However, only a handful of materials have been investigated in transistor structure until now. Reichert and Saragi reported photo-induced MR in acene materials and also bipolaron model related MR in spirobifluorene derivatives. [13, 14] Pham et al. demonstrated e-h pair model based MR in donor-acceptor bilayer transistors. [15] Although mechanism change (between bipolaron and e-h pair model) was reported in some cases including these examples under light illumination condition, there is no example of mechanism control in the dark condition for the OFET device.
In the present work, we report OMAR in n-channel dominant ambipolar OFETs based on
yl)acrylonitrile) (Hex-4-TFPTA). We could successfully tune underlying mechanism though applying different sign of V DS at fixed V G of 100 V in the dark. MR values reached +3 % at V DS = +100 V and +0.4 % at V DS = -100 V under 100 mT of magnetic field, respectively.
Based on the V G and temperature dependent MR results, it was deduced that the double charge Distribution A: Approved for public release. Distribution is unlimited carrier models are dominant in the V DS = +100 V condition while single charge carrier model, i.e. bipolaron model, is expected to work in the V DS = -100 V.
Experimental
Materials: Hex-4-TFPTA was synthesized as shown in Scheme 1.1, and then was purified by sublimation. Detailed synthetic methods were reported in our previous paper [16] .
Scheme 1.1. Synthetic route of Hex-4-TFPTA
Device fabrication & measurement: SiO 2 /Si (300 nm-thick SiO 2 with gold source-drain electrode on top for bottom contact devices) substrates were cleaned by sonication in acetone and isopropyl alcohol.
The substrates were then exposed to UV (360 nm) for 20 min, and the octadecyltrichlorosilane (OTS) treatment was carried out in an OTS vapor chamber (80 °C, vacuum, 2 h 30 min). Then 30 nm of Hex-4-TFPTA was thermally deposited in a vacuum chamber (Figure 1. 2). The current was measured by a Keithley 6517A electrometer. During the measurement, magnetic field was switched on and off at 3 s intervals. All measurements were conducted in a vacuum chamber at room temperature except for temperature dependent measurements.
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Results and Discussion
In the previous paper, we have characterized Hex-4-TFPTA as a unipolar n-channel material for OFETs. [16] Recently, we also found that new batch of Hex-4-TPFTA exhibited n-channel exhibited lower electron mobility. From the S-shaped n-channel output curve at low V DS , it is noted that such low mobility is derived from the injection problems of bottom-contacted geometry (Figure 1.2b) . In contrast to the typical n-channel property, p-channel property of Hex-4-TFPTA was very week. V-shape of both n-and p-channel transfer curve and current incensement of n-channel output curve at high V DS explained that hole injection occurred at high field condition (Figures 1.2a-c) . But we could not observe saturated p-channel output curve from our measurement system (Figure 1.2d) . Thus, it is expected that although hole could be injected from electrode, it could not accumulate or transport along the full channel area. In other word, most of injected hole remained as immobile state near the electrode. are the densities of accumulated electron and injected hole. Accumulated charge density at certain position (x) is related to effective gate voltage (V eff (x)) which is defined as the difference between the applied V G and the channel potential (V(x)). [12] At V G = +100 V and V DS = +100 V, electrons were injected and accumulated from source electrode to pinch-off point where V eff was equal to the threshold voltage (V th ), while holes were injected from drain electrode. On the other hand, because high positive V eff was applied along the whole channel, accumulating electron without pinch off point, hole injection could be restricted at V DS = -100 V. Therefore, the origin of the higher MR value at V DS = +100 V than that of at V DS = -100 V could be attributed to hole injection related double charge carrier model of MR. In order to verify hole injection effect on MR, we carried out V G dependent MR measurement. Figure   1 .5a shows that MR value was increased with increasing V G . Because injected holes are expected to be immobile near the electrode, electron pinch off position is important to interaction between electron and hole. When the V G was increased at fixed V DS , more electrons were accumulated along the channel and the pinch off position would be moved to the drain electrode. Thus more interaction between electron and hole was expected at higher V G . Temperature dependent MR measurement was undertaken to obtain further information of both V DS conditions. In the V DS = +100 V condition, the MR was increased with increasing temperature from 100 K to 300 K (Figure 1 .6a). Because only small amount of hole charge carriers are expected compared to electron charge carriers, hole injection might be important to form excited state and MR.
Although injection mechanism at metal-organic interface is still unclear, most of theories are based on classical thermal-field emission model where sufficient thermal energy is necessary to overcome the energy barrier height. [17] Thus abruptly enhanced MR between 200 K and 300 K can be attributed to sufficient hole injection by enough thermal energy. On the other hand, different result was observed in V DS = -100 V condition. MR value at high temperatures was lower than that at 100 K as depicted and dielectric layer are important to bipolaron based OMAR in OFETs. [13] It has been also reported that trapped charge carriers can cause spin blockades. [18] Based on charge hopping model, trapped charge carriers density is high at low temperature. Thus, we could expect that single charge carrier model based OMAR was dominant in this restricted hole injection condition. In the following, we will briefly suggest possible explanation for positive MR in double charge carrier condition. When electron and hole carriers are collided, they could form singlet and triplet e-h pairs with a ratio of 1:3. E-h pairs could recombine to excitons or dissociate to free charge carriers. Singlet and triplet e-h pairs could be mixed by the hyperfine fields until applying external magnetic field.
When the magnetic field suppresses this spin mixing, singlet to triplet excitons ratio can be changed [6, 10, 19] . Both e-h pair and TPI model can contribute to current. [19] By assuming faster singlet exciton formation rate than triplet exciton, applying magnetic field can decrease singlet to triplet excited state ratio. Because singlet state e-h pair has large dissociation rate than triplet one, [20] decreased singlet to triplet ratio can contribute to less dissociated secondary charge carrier (+MR). [19] In TPI model, because triplet exciton has longer lifetime than singlet exciton, enhanced triplet exciton portion can hinder the charge transport by scattering charge carriers (+MR). [10, 19] In conclusion, we could demonstrate dark state MR from 0. Ascorbic acid (AA), also known as Vitamin C, is a naturally occurring antioxidant and plays important roles in many biological processes in human body such as a cofactor in enzymatic reactions, collagen synthesis, scurvy prevention, and immune system enhancement. [1] [2] [3] It has also been widely used as a food additive to prevent oxidation in juices and soft drinks. 4, 5 Moreover, it has been reported that AA has a positive effect on cancer therapy. 6 Accordingly, there is ever increasing interest in AA detection where its concentration varies from 5 μM in human blood plasma and serum to 20 mM in food and pharmaceuticals. 21 and nitroxides. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] These studies greatly advanced the research on the fluorescence detection of AA; however, many of these probes suffer from relatively low sensitivity and narrow detection range due to the inefficiency of the AA-reactive fluorescence quenching group. Therefore, particularly considering a wide variety of AA concentration in different analytic samples, new AA probes possessing broad detection range as well as high sensitivity are highly demanded.
To this end, we herein designed a novel magnetically active AA probe NN-CN-TFFP bearing a nitronyl-nitroxide moiety as an AA-reactive fluorescence quenching group (see Scheme 2.1a). As a fluorescence signalling unit, cyanostilbene type π-conjugated backbone was chosen. We have previously reported that molecules with cyanostilbene type backbone formed very stable nanoparticles by self-assembly in aqueous condition. 
Results and discussion
Nitroxides have been reported as a promising reactive unit for AA detection in many previous studies because they are able to quench the excited-state of the covalently linked fluorophore due to their paramagnetic doublet spin. 34 The chemical reduction of the nitroxides by AA would change the paramagnetic spin into a diamagnetic hydroxylamine, and hence turn on the fluorescence simultaneously with diminished electron spin resonance (ESR) signal. 23, 27, 29 In contrast to the typical nitroxides (e.g., TEMPO), it has been suggested that nitronyl-nitroxides can quench the fluorescence even after losing the doublet spin through photoinduced electron transfer (PET) process due to their imidazole-type structure. 33, 37, 38 Thus, it is expected that the fluorescence of NN-CN-TFFP will be effectively quenched by the cooperative effects of the nitroxide radical and PET from the imidazole structure. Based on our design strategy, we hypothesize that both the sensitivity and detection range of NN-CN-TFFP for AA will be greatly improved as a result of dual-quenching effect and bimodal spectral responses originating from the dual-reactiveness of the nitronyl-nitroxide. were clearly observed with an intensity ratio of 1:2:3:2:1 as shown in Figure. 2.1d, which is consistent with the typical ESR spectrum of nitronyl-nitroxides. 42 As expected, the ESR signal gradually diminished upon AA addition and completely disappeared at 12 μM where the AA concentration is just over 0.5 eq. of the probe concentration.
NN-CN-
Taken all together, it is deduced that two different reactions took place sequentially upon AA addition (see Scheme 1b). First, from 2 μM to 12 μM of AA addition range, it was brought about the reduction of nitronyl-nitroxide moiety of the probe. AA is a mild reducing agent and typically reacts with a nitroxide to yield a diamagnetic hydroxylamine. 43 The linearly decreased ESR signal and the vanished n-π* absorption band at 600 nm provided corroborative evidence for the occurrence of reduction.
Because AA is usually oxidized with the loss of two electrons to form dehydroascorbic acid, it is expected that the addition of 0.5 eq. AA to NN-CN-TFFP solution is enough to reduce all of the nitroxide unit into hydroxylamines. 44 But, the ESR spectrum with addition of 10 μM AA still exhibited a weak signal and 0.6 eq. of AA is needed to eliminate the signal completely. Considering together with the shift of isosbestic points in the absorption spectra, it is reasonable to infer that another kind of reaction started to occur subsequently. Although all radicals are reduced by AA, it is noteworthy that the fluorescence intensity of probe remains still very low. It indicates that additional fluorescence quenching site still subsists.
The subsequent reaction is most likely the protonation of the probe. It was reported that treatment of the nitronyl-nitroxides with acids led to protonation of the NO group. 32, 37, 38, 45 AA is also acidic (pKa 1 = 4.1 and pKa 2 = 11.97) and would protonate the NO group of NN-CN-TFFP. With addition of AA Distribution A: Approved for public release. Distribution is unlimited from 20 μM to 2 mM, it is observed that the absorbance and the fluorescence of probe gradually changed ( Figure. 2.1b and c) . DFT/TD-DFT results also revealed that the protonation of NO moiety leads to the decrease of absorption at longer wavelength (see Figure. 2.S1 and Table S1 To further evidence the protonation effect on the fluorescence turn-on, we added excessive amount of trifluoroacetic acid (TFA) and hydrochloric acid (HCl) to NN-CN-TFFP solution, respectively. It was observed that the addition of the strong acids led to 117-fold and 29-fold increases of the fluorescence intensity for TFA and HCl, respectively, as shown in Figure. 2.2b, while no significant change was observed in their ESR spectra (see Figure. 2.2b and Figure. 
2.S3 in 2.4 supplementary information).
In contrast, addition of hydroxyquinone (HQ), a well-known reducing agent, induced negligible increase of the fluorescence intensity even though the ESR signal decreased by half (see Figure. 2.2b
and Figure. 2.S3 in 2.4 supplementary information) . These experiments clearly suggest that NN-CN-TFFP has two fluorescence quenching group, NO (i.e., imidazole structure) and NO• (i.e., nitroxide radical), among which the former is more effective. provides not only high sensitivity with a wide detection range but also high selectivity.
Finally, we examined whether NN-CN-TFFP can detect AA in aqueous condition for practical uses.
As shown in Figure. In summary, we could demonstrate a novel fluorescent AA probe bearing nitronyl-nitroxide as an AAreactive unit. The fluorescence enhancement of probe by AA addition was as high as 260-fold in methanol solution. The probe could detect AA from as low as 0.937 μM up to 2 mM, which satisfies the needs in various analytic samples, and showed excellent selectivity over various antioxidants and acids. The high selectivity and sensitivity with a broad detection range of the probe originated from the dual-reactiveness of dual-quenching group nitronyl-nitroxide. Furthermore, we prepared nanoparticles and a sensor paper using the probe, and examined AA detection capabilities in aqueous condition and solid-state, respectively, for practical applications.
Spplementary information
Figure 2.S1. Calculated absorption spectra of NN-CN-TFFP in MeOH. synthesized in the Park laboratory and fabricated as devices for measuring Seebeck effect in Hu laboratory. Scheme 3.1 showed synthetic route and molecular structure of HPI-Cbz [1] . Large Seebeck coefficients of 428 μV/K and 390 μV/K were observed from HPI-Cbz based thin-film devices at 60 o C when proton-transfer was induced by the photoexcitation of a 325 nm laser with an intensity of 12 mW/cm 2 and 6 mW/cm 2 respectively (Figure 3.1) . The Seebeck coefficient enhancement by the induced intramolecular charge transfer can be attributed to the enhanced polarization difference between high-and low-temperature surface and enhanced temperature-dependent electrical polarization. Detailed explanation will be described in Hu's reports. 
Materials preparation
We supplied CN-TFMBPPE to Bin Hu group for (i) magnetic field effects of photoluminescence and
(ii) magnetic field effects of light scattering in organo-gel. Scheme 3.2 showed synthetic route and molecular structure of CN-TFMBPPE [2] . 
